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Abstract
The superconducting properties of niobium films sputtered onto the inner walls of
radiofrequency cavities, including their surface resistance to 1.5 GHz microwaves,
have been studied as a function of the nature of the substrate. Films grown on oxide-
free copper or niobium behave differently from films grown on other substrates. The
results are analysed in terms of the film texture and internal stresses.





A recent study [1] of the surface resistance of superconducting niobium films to 1.5 GHz
microwaves revealed a strong dependence of the film superconducting properties on the nature of
the substrate onto which the film was grown. Each film, 1.5 Pm thick, was grown by magnetron
sputtering in a noble gas atmosphere (Ne, Ar, Kr, Xe) on the inner wall of a radiofrequency
cavity, thus making it possible to measure the film surface resistance to microwaves at the cavity
resonance frequency. A detailed description of the experimental method is available in Reference
[1] and is not repeated here. For each film a number of variables which characterise its
superconducting properties are measured. They include: the critical temperature T
c 
, the energy
gap ’, the penetration depth O (which provides an indirect estimate of the electron mean free
path l) and a number of parameters that describe the dependence of the surface resistance on
temperature, on the amplitude of the microwave and on the magnetic flux trapped in the film
(whenever it differs from zero). A spectacular result of the study is the evidence for strong
differences between films grown on oxidised copper and films grown on oxide-free copper. The
latter display superconducting properties that are essentially half way between that of the former
and that of bulk niobium in the clean limit, a result illustrated in Figures 1 and 2. Figure 1 shows
distributions of films from both families in the O vs T
c
 plane. From the measured O values it is
possible to estimate a mean free path l0 # 30 nm for films grown on oxidised copper, in
agreement with the measured values of their residual resistivity ratio, RRR. Films grown on
oxide-free copper have a mean free path approximately twice as large. Figure 2 illustrates the
influence of the substrate on the sensitivity of the surface resistance to trapped magnetic flux [2].




, defined from the relation Rfl = (Rfl0+Rfl1 Hrf ) Hext ,
where :
- H
ext is the amplitude of the magnetic field (directed along the cavity axis) present at the




rf is the amplitude of the magnetic component of the microwave on the cavity surface,
- Rfl is the additional surface resistance induced at 1.7 K by the presence of trapped
magnetic flux.
The value of Rfl is determined by the nature and density of pinning centres, which, in the
present case, are essentially related to the presence of a noble gas contamination (from the
sputtering plasma) within the film [2].
An important result of Reference [1] was the observation of different textures for films
grown on oxidised copper and films grown on oxide-free copper, the former having the most
densely packed plane parallel to the surface. In the present work more detailed analyses of the X-
ray diffraction spectra from which the texture difference had been revealed are presented. They
are complemented with a number of additional measurements allowing a deeper insight into the
subject.
2. THE INFLUENCE OF THE NATURE OF THE SUBSTRATE:
A SUMMARY OF EARLIER RESULTS
Films have been grown not only on oxidised and oxide-free copper but also on titanium,
gold, aluminium, niobium, aluminium oxide and niobium oxide. Table 1 summarises the main
results. The error bars have been enlarged whenever necessary in order to take proper account of
the spread of the data. For films grown on a niobium substrate (oxide-free or oxidised) the
measurement method used in the present work precludes reliable measurements of the critical
temperature and of the penetration depth, the presence of the substrate causing confusion. Apart
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from oxide-free niobium, which behaves like oxide-free copper, all other substrates behave
qualitatively like oxidised copper. The study of new substrates simply confirms the existence of
two general families of films, one of which, namely that of films grown on oxide-free copper or
niobium, has properties intermediate between those of the other family and those of clean bulk
niobium. Two different methods have been used to grow films on oxide-free copper. One
consists in removing the copper oxide from the surface of the substrate by sputter-etching before
coating [1], the other consists in growing a thin copper underlayer on the oxidised copper
substrate without exposing it to air before growing the niobium film. Both methods give similar
results.
Two cavities, representative of each of the two families identified from Table 1, have been
cut in small rectangular pieces which have been used to perform a number of post mortem
analyses. Cavity A had been coated on oxide-free copper, while cavity B had been coated with a
« standard » film, i.e. on oxidised copper. Argon was used as sputtering gas in each of the two
cases. Such samples were used to measure the residual resistivity ratios (RRR) and the upper
critical fields (H
c2) of each of the two cavities. In both cases the measurements made on samples
cut from cavity A give results intermediate between those made on samples cut from cavity B
and the known reference values of clean bulk niobium. The RRR values are 28.9 r 0.9 for cavity
A and 11.5 r 0.1 for cavity B, the H
c2 results extrapolated down to zero temperature [2] are
0.77 r 0.01 T for cavity A and 1.150 r 0.025 T for cavity B to be compared with H
c2(0) = 0.40 T
for clean niobium monocrystals.
3. X-RAY DIFFRACTION STUDIES
Several of the samples cut from cavities A and B have been subjected, both at CERN and at
Metz University [3], to standard X-ray diffraction analyses aiming at an evaluation of the
textures and measurement of the lattice parameters and internal stresses.
Measurements in the T-2T Bragg-Brentano configuration confirm the preliminary results
presented in Reference [1]. They have been complemented by measurements performed under
other angular configurations, probing crystal planes other than parallel to the surface of the
substrate. As visible from Figure 3, the samples cut from cavity B display a typical fibre texture,
dominated by the (110) component and having the most densely packed plane parallel to the
sample surface, at variance with the samples cut from cavity A which are dominated by the (211)
component. The rocking curves of the dominant textures, (211) in A and (110) in B, are gaussian
in shape and happen to have similar full widths at half maximum, each of the order of 12
degrees. Harris texture indices, defined with reference to powder spectra and corrected for
systematic effects, are listed in Table 2. In the case of cavity A they suggest an interpretation in
terms of some hetero-epitaxial growth of the niobium film on the oxide-free copper substrate.
However, while evidence has been presented [4-6] for hetero-epitaxial growth of (200)Nb on
(220)Cu and of (110)Nb on (111)Cu and (100)Cu, no mention is made in the literature of an hetero-
epitaxy favouring the growth of (211)Nb as observed here. Fortunately, the present data allow for
an internal check of the hetero-epitaxy hypothesis taking advantage of the fact that the films are
thin enough, 1.5 Pm in both cases, for the copper substrates to be clearly visible in the diffraction
spectra. The copper spectra of cavities A and B are observed to be identical, with a (311)
dominated texture, and their texture indices are easily calculated. It is then straightforward to
seek for possible correlations between the texture indices of a film and those of the substrate onto
which it has been grown. In order to cover a broad enough range of texture indices, use is made
of samples cut from different parts of the cavities where the spun copper substrate displays
different textures. In three cases, all associated with cavity A, evidence for a positive correlation
is obtained. In all other cases no significant correlation is revealed. Figure 4 illustrates the three
- 4 -
cases of positive correlation, one of which is indeed (211)Nb on (311)Cu as had been anticipated,
the other two being the cases known from the literature.
The positions of the Bragg-Brentano peaks provide a measurement of the distance between
adjacent reflecting planes, and therefore of the lattice parameter aA measured normally to the
sample surface. The measurement implies an extrapolation to normal incidence (Figure 5) using
as a variable the product cosT cotT slightly modified by a correction factor ½ (1+ sinT /T )
improving linearity [7-8]. The results are summarised in Table 3. For each cavity sample an
additional measurement has been made after dissolution of the substrate. The parameter ’aA
 
/ aA
listed in Table 3 is the relative deviation of the lattice parameter from the reference value
aA
0 
= 3.303(3) measured for annealed bulk niobium [9-12]. To a good approximation ’aA
 
/ aA is
proportional to the stress present in the film, the proportionality factor being the elastic constant.
The lattice parameter of cavity A takes a value intermediate between that of cavity B and the
clean bulk value, in conformity with all other measurements characterising the properties of the
two films. However, while the stresses in B fully relax after dissolution of the substrate, some
permanent deformation subsists in A.
Spectra measured off the Bragg-Brentano geometry probe crystal planes at an angle with
the sample surface. These should allow for independent evaluations of the in-plane and out-of-
plane stresses (i.e. respectively parallel and normal to the surface) once the Young’s modulus and
the Poisson’s ratio are known. Conversely, neglecting the out-of-plane stress (the boundary
condition being the free surface of the film) and taking for the Young’s modulus values obtained
from nanoindentation measurements, the spectra allow for a simultaneous evaluation of the
Poisson ratio and of the average in-plane stress Vin (Seeman-Bohlin method). Strictly speaking it
is necessary to assume that the in-plane stresses are isotropic, an assumption which is only valid
for B, but we have verified that in the anisotropic case Vin was a very good approximation to the
mean in-plane stress. The method, measuring lattice planes at an angle with the film normal,
allows also for the extrapolation of the lattice parameter a// parallel to the sample surface. The
results are reported in Table 4.
Globally, these data suggest that the strains present in the films have the same origin in both
the A and B cases, a combination of the impact pressure during coating and of the different
expansion coefficients of the film and of the substrate [13-22], and that the difference between A
and B is simply caused by a reduction of stress resulting from the presence of some hetero-
epitaxy in A. The measured difference between the argon contents of the two films, 286r43 ppm
for A and 435r70 ppm for B, would then be the result and not the cause of the generation of
stresses while they were being grown. Preliminary Transmission Electron Microscopy analyses
confirm the difference in the growth process for the two cases, with grain sizes of the order of
100 nm for the B films, and much larger grains for the A films replicating the shape of copper
grains, several µm in size. This difference in grain size may explain the difference in RRR, on the
sole account of the scattering of conduction electrons when crossing the grain boundaries, as
described in Reference [23].
Detailed measurements of pole figures, the evaluation of the full stress tensor and the
analyses of crystallite size and microstrain will be discussed in a later publication, together with
complete TEM analyses of grain size and structure.
4. SUMMARY
In practical applications it is important to select the substrate which is best suited to the
specific requirements. When the film needs to behave as closely as possible to the bulk an oxide-
free copper substrate should be chosen. Nevertheless, in cases where a minimal sensitivity to
trapped magnetic flux is essential, as for particle accelerator cavities, oxidised copper substrates
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will be preferred as allowing for unshielded, and therefore much less expensive operation.
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Figure 1 - Distribution in the O vs T
c
 plane of niobium films grown on different
substrates in argon, krypton or xenon. Full circles are for films of the A family and
open circles for films of the B  family. The crosses indicate average values.




 plane. Open symbols are for
films of the A family and full symbols for films of the B family. Data points labelled
with numbers are films grown using an argon-neon mixture for sputtering, the label
indicating the percentage of argon in the mixture. The line passing through the data
points and going from dirty films (top right corner) to the clean bulk limit (cross) via
the krypton minimum (left bottom corner) is hand drawn to guide the eye.
Figure 3 - Bragg-Brentano spectra of equatorial samples of cavities A (upper spectrum) and B (lower spectrum).
The niobium peaks are labelled (hkl) while the copper peaks (visible from the film substrates) are labelled hkl.
Figure 4 - The three cases of positive correlation between texture indices of the film
and of its substrate as observed on cavity A equatorial samples. The lower figure
provides evidence for hetero-epitaxy from (311)Cu to (211)Nb. The dotted lines are the
results of linear fits.
Figure 5 - Determination of the lattice parameter of equatorial samples of cavities of
the A (rounds) and B (squares) families by extrapolation to normal incidence (zero
abscissa). The (hkl) reflections are indicated for both kD and kE  radiations from the X-
ray source (albeit for the strongly textured B samples only the (110) and (220) kD
reflections are measurable).
